Poa alpina grass plays a predominant role across the entire range of primary succession on alpine glacier forelands. One demographic factor that reacts clearly to changing environmental conditions is reproduction. Using permanent plot data, the complete life cycle of Poa alpina was studied along a successional gradient of the Rotmoos glacier foreland (2300-2400 m a.s.l., Central Alps, Austria) over a period of three years. We used matrix modeling to study the importance of the generation of plantlets and seedlings along the successional gradient and their ability to form adult individuals, and we hypothesized that plantlets develop faster to adults than seedlings because they start already with 3-4 developed leaves.
Introduction
In the alpine zone, primary succession on barren land resulting from glacier retreat has attracted the interest of ecologists for more than a century (Coaz, 1887 , in Matthews, 1992 , and review there). Initial colonization in glacier forelands of the Alps requires the input of seeds, plant fragments or vegetative propagules from outside the area because a seed bank has to be developed from zero (Stö cklin and Bä umler, 1996; Erschbamer et al., 2001; Marcante et al., 2009a) . Thus, dispersal is the first major filter for primary succession (Walker and del Moral, 2003) . After the arrival of propagules (Matthews, 1992; Stö cklin and Bä umler, 1996) , life history traits (Stö cklin, 1990; Stö cklin and Favre, 1994; Stö cklin and Bä umler, 1996) , physiological traits (Chapin, 1993) , reproduction (Stö cklin, 1992; Pluess and Stö cklin, 2005; Weppler et al., 2006) , or plant population dynamics (Stö cklin, 1990; Niederfriniger Schlag and Erschbamer, 2000; Weppler et al., 2006; Marcante et al., 2009b) govern the colonization and the development of plant communities along the primary succession gradient.
Poa alpina plays a predominant role among the few species that occur across the whole range of a successional gradient on glacier forelands in the central Austrian Alps (Raffl et al., 2006) . Using permanent plot data and matrix analysis, Marcante et al. (2009b) investigated the life cycles of Poa alpina and three other species along this gradient. This demographic study showed that in the pioneer stage Poa alpina strongly increases in population size. With ongoing succession population growth rate decreases, but this species is able to maintain its population even in the late successional stage with rates of population increase of l < 1. Probably due to a high degree of vegetative and reproductive variability, the species is able to cope with the changing environmental conditions along the successional gradient as well as with different degrees of intra-and interspecific interactions. Poa alpina exhibits sexual reproduction via seeds (seedlings) and asexual reproduction via plantlets. The asexual reproduction mode is called ''pseudoviviparous'' (Pierce et al., 2003) or ''viviparous'' (Kö rner 1999) . Plantlets are developed by maternal tissues and not by zygotes and consist of 3-4 leaves when released from the maternal plant. Along the successional gradient in the Central Alps it was shown that reproduction via plantlets played a predominant role in the pioneer stage but that reproduction shifted strongly towards seed production in older successional stages (Marcante et al., 2009b) .
Compared to seedlings, plantlets are able to root and establish quickly after dispersal (Lee and Harmer 1980) . Adults arising from plantlets were reported to be reproductive plants after only one year (Elven, 1974 , in Matthews, 1992 . In contrast, the seedlings of Poa alpina require at least three years of growth before they start to reproduce (Matthews, 1992) . These differences in the rate of development of adult plants would give plantlet reproduction a clear advantage over seedling reproduction. But the demographic matrix analyses of Marcante et al. (2009b) were based on the common assumption that the fate of an individual in a transition step depends only on the stage that an individual has just reached but not on its past history (Caswell, 2001) . Thus, the analyses did not differentiate between adults of different origin.
Poa alpina plants that arise either from plantlets or from seedlings cannot be distinguished, once established, on a morphological basis. However, when the field work underpinning a demographic analysis comprises more than one time step it is Arctic, Antarctic, and Alpine Research, Vol. 42, No. 2, 2010, pp. 227-235 E 2010 Regents of the University of Colorado E. WINKLER ET AL. / 227 1523-0430/10 $7.00 possible by ''individual tracing'' to include past effects in the calculation of demographic rates (Tanner et al., 1996; Ehrlén, 2000) . With respect to the demography of Poa alpina, such a tracing would allow us to study the impact of a new individual's mode of origin on its future development.
We used the data provided by Marcante et al. (2009b) to decompose reproduction of Poa alpina into its asexual and sexual components along a gradient of primary succession. As this data set comprised two annual steps it allowed following the impact of their origin on the fate of plants. This demographic analysis was accompanied by a survey on the occurrence and the fecundities of asexual and sexual inflorescences as well as on resulting offspring numbers along the successional stages. Finally the life-cycle analyses of Marcante et al. (2009b) were discussed with a focus on reproductive mode. We aimed to answer the following questions:
(1) Does the production of plantlets and seeds of Poa alpina depend on the successional stage? (2) Does ''net fecundity,'' i.e. the reproductive success of Poa alpina plantlets or seeds, vary along the successional gradient? (3) Do seedlings and plantlets differ in their ability to form established adult individuals? (4) Does population growth rely on both modes of reproduction over the whole range of succession?
Materials and Methods

RESEARCH AREA
The research area lies in the Central Alps of Austria on the glacier foreland of the Rotmoos Valley (Obergurgl, Oetztal, Tyrol, 46u499N, 11u029E) at 2300-2400 m a.s.l. The U-shaped valley is almost level, ascending only slightly near the glacier tongue. Over the last 150 years the glacier has retreated by more than 2 km. The largely well preserved chronosequence exhibits a series of glacier moraines. The main moraines of 1971 , 1923 , and 1858 (Gernot Patzelt, University of Innsbruck, unpublished, 1995 represent the pioneer (A), early (B), and late (C) successional stages of a primary successional gradient. Mean annual precipitation is approximately 1460 mm (Kaufmann, 2001) , and soil temperatures at 10 cm depth along the successional gradient are shown in Figure 1 (Rü diger Kaufmann, personal communication) . The lowest winter temperatures were recorded at the early successional site, and the highest summer temperatures were clearly observed at the late successional site. The annual mean temperatures for the three study years were 2.3 uC at the pioneer site, 2.8 uC at the early successional site, and 3.2 uC at the late successional site. Snow cover lasts from October to late May or early June, with differences in snow melt of 10-17 days between the oldest and the youngest moraine.
The pioneer stage is characterized by pioneer assemblages mainly composed of Saxifraga aizoides, S. oppositifolia, Linaria alpina, and Artemisia genipi (Raffl and Erschbamer, 2004; Raffl et al., 2006) . The pioneers are then replaced by early successional species such as Trifolium pallescens and Poa alpina. Additionally, Festuca spp., Silene acaulis, and Salix spp. occur. The late successional sites were dominated by species such as Agrostis alpina, Anthyllis vulneraria ssp. alpicola, Kobresia myosuroides, Leotondon hispidus ssp. alpinus, and T. pratense ssp. nivale (Raffl and Erschbamer, 2004) . The nomenclature follows Fischer et al. (2005) .
Soil development along the glacier foreland is rather slow, from a Syrozem on the youngest moraines to Pararendzinas of 3-4 cm depth on the oldest moraine (Erschbamer et al., 1999) .
THE SPECIES
Poa alpina (Poaceae) is a very common arctic-alpine grass that reproduces asexually by plantlets or sexually by seeds. It is a tussock-building grass with the new shoots appearing almost intravaginally (Wilhalm, 1996) . Each shoot is potentially capable of producing one inflorescence. The reproduction mode depends on photoperiod and temperature (Heide, 1989) . In phytotrons sexual reproduction is induced by short days at temperatures of up to 18 uC or long days and temperatures between 3 and 6 uC. Given short days and marginally low temperatures the species can also produce mixed inflorescences with plantlets, mainly at the terminal parts of the inflorescence (Heide, 1989, and personal communication) , and seeds. In the field pseudoviviparous and seminiferous forms were, however, always strictly separated (Marcante et al., 2009a, b) .
The plantlets are capable of photosynthesis (Lee and Harmer, 1980; Pierce, 1998; Pierce et al., 2000 Pierce et al., , 2003 and they produce adventitious roots, becoming rapidly established after wind or water dispersal. This speed of establishment may give them an advantage over seeds in short arctic/alpine growing seasons (Lee and Harmer, 1980) .
In the study area P. alpina is a ubiquitous species along the whole glacier foreland, occurring from the pioneer stage to the late successional stage (Erschbamer et al., 1999; Tscherko et al., 2004; Raffl and Erschbamer, 2004; Raffl et al., 2006) , with highest abundances on the early successional stage (ice free since 40-70 years; Raffl et al., 2006) . shoots were counted. Individuals exhibiting either asexual or sexual reproduction (n P and n S ) in the permanent plots of the pioneer stage were recorded in 2006 and 2009. The number of plantlets or seeds per inflorescence (inflorescence fecundities f IP and f IS ) and the number of inflorescences per adult individual (inflorescence frequencies n IP and n IS ) were determined in August 2004 at all three successional stages. As the determination of inflorescence fecundities was destructive, plants were analyzed from samples collected in an area around the permanent plots (''fecundity samples''). For each stage approximately 20 small (#5 vegetative shoots and inflorescences) and 20 large (.5 vegetative shoots and inflorescences) individuals were sampled.
LIFE CYCLE STAGES
Following field observations and previous studies (Schwienbacher, 2004), we distinguished life cycle stages on the basis of ''size.'' The categories used were as follows:
Seedlings (with coleoptile and generally one pair of leaves): Seeds germinate soon after snowmelt in early summer following production in the previous year or, possibly, from a permanent seed bank (Marcante et al., 2009a) . Only newly recruited individuals were considered as seedlings; small individuals already displaying one shoot were assigned to the adult stage 1 category.
Plantlets: Individuals with first adventitious roots and about three leaves, already established.
Adult stage 1: Small individuals with one (mostly vegetative) shoot.
Adult stage 2: Individuals with 2 shoots. Some individuals of this stage already had one reproductive shoot.
Adult stages 3 and 4: Individuals with 3…5 and with more than 5 shoots.
The numbers of vegetative and reproductive shoots were added up to assign individuals to stages.
DEMOGRAPHY: TRANSITION RATES AND REPRODUCTION
Transition rates a ij from life cycle stage j to stage i were calculated for each stage as the proportion of individuals in the permanent plots remaining in that stage or having changed to a given other stage within an interval of 1 year (Caswell, 2001 ):
with x j being the number of individuals in stage j at time t, and x ij the number of individuals making a transition in time step t…t + 1 from stage j to stage i (including stage j itself). Mortality m j in stage j was given by
where a ij are the transition rates as given above. Transition rates which take into account the history of individuals were calculated in the same manner as given by Equation (1), but only considered those individuals that were in stage k at time step t 2 1:
Transition rates were calculated separately for each plot of a successional stage. Rates that followed Equation (1) Net fecundities f NP and f NS , numbers of plantlets and seedlings newly established at time step t + 1 in the permanent plots related to the number of adult individuals in the same plot in the preceding time step t, were calculated for each plot per successional stage and for two transitions (2004-2005 and 2005-2006) . Seed or plantlet exchange with the surroundings of the plots or with a permanent seed bank was only implicitly considered (Marcante et al., 2009b) .
The construction of complete demographic matrices from the transition rates and the calculation of rates of population increase l followed Marcante et al. (2009b) .
STATISTICAL ANALYSES
All statistical tests were performed with the statistical analysis package Statistica 7.0. Plantlet and seedling inflorescence frequencies and net fecundities were compared with each other in dependence on successional stage using a two-factor ANOVA as well as a Scheirer-Ray-Hare test (performed because the condition of homogeneous variances was not fulfilled even after log transformation of data). Differences between plantlet and seedling fecundities for each individual stage were also evaluated by U test. To evaluate the dependence of reproduction on shoot density Spearman's rank correlation coefficients R were calculated instead of Pearson's coefficient r, because the condition of equal variance was not fulfilled. Seed or plantlet numbers per inflorescence were evaluated by two-factor ANOVA. For the evaluation of transition rates for plantlets, seedlings, and small adults, a log-linear analysis of contingency tables was performed.
Results
ASEXUAL AND SEXUAL FECUNDITIES
Inflorescence fecundities f IP and f IS are given in Table 1 for small and for large individuals of the outside-plot ''fecundity samples.'' They were highest at the early successional stage and did not differ between size classes. When values for small and large individuals were averaged, a two-factor ANOVA resulted in significant differences for both successional stages and reproduction modes (p , 0.001), but not for interactions of the two factors. For plantlet as well as for seed inflorescence fecundities, the differences between pioneer and late successional stage were nonsignificant. The same held in the late successional stage for the difference between seed and plantlet formation. The inflorescence fecundity ratio increased during the course of succession (Fig. 2) . Inflorescence frequencies n IP and n IS in the ''fecundity samples'' decreased from the pioneer to the late successional stage for large pseudoviviparous as well as for large seminiferous individuals (Table 2) . A two-factorial ANOVA gave a highly significant (p , 0.001) dependence on stage, but no dependence on reproductive mode, and no interaction between stage and mode.
In the plots of the pioneer stage, individuals were found reproducing either asexually or sexually (Table 3) . Their numbers and ratios were highly variable, and when averaged over three plots and two years, the number of asexually reproducing individuals was higher than that of sexually reproducing individuals by a factor of 1.66 (Fig. 2) . A subset of the individuals had inflorescences in both years (2006 and 2009) , and these plants always retained their reproductive mode. No individuals with changing mode were observed. In the early and late successional stages there were only sexually reproducing individuals inside the plots. However, some plantlet-producing plants could be found in the surroundings, with decreasing abundance from the early to the late successional stage.
Net fecundities for plantlets and seedlings (f NP and f NS ), determined from the permanent-plot data for each stage and plot separately, are included in Figure 3 , and the ratio of net fecundities is given in Figure 2 . In the pioneer stage, net fecundity ratio was higher than the ratio of the numbers of reproducing individuals with plantlets or seedlings, n P /n S , and much higher than that of inflorescence fecundities, f IP /f IS . But already at the early successional stage net fecundity ratio was very small, and at the late successional stage we had a net fecundity ratio of zero: no newly established plantlets were found. In spite of this striking feature in the dependence of net fecundities on the mode of reproduction and on the successional stage, statistical tests (twofactor ANOVA and Scheirer-Ray-Hare test) only revealed a significant dependence of net fecundity on successional stage (p , 0.01) and not on reproductive mode. A U-test evaluation of differences between reproduction modes for each individual successional stage resulted in significant differences for all stages (p 5 0.025, 0.0064, and 0.0074). In the pioneer stage plantlet net fecundity per adult was higher than seedling net fecundity, but the reverse holds for the older successional stages.
Density of P. alpina, given by the number of shoots per permanent plot, increased with the progress of succession (onefactor ANOVA, p 5 0.008), and net fecundities of both reproductive modes decreased with increasing shoot density. Net fecundities of both modes were significantly correlated with density ( Fig. 3 
DEVELOPMENT OF ESTABLISHED PLANTLETS AND SEEDLINGS
The fate of established plantlets or seedlings (''juveniles'') is shown in Figure 4 . In accordance with the matrices of Marcante et al. (2009b) in the time step after establishment they can either die or remain in the juvenile stage (stasis), or they can develop into adults having one or more shoots [Equations (1) and (2)].
Contingency analysis showed significant dependence of juvenile fate on successional stage but not on the mode of origin (p , 0.01 and p 5 0.33). Also two-factor ANOVA showed a significant dependence of juvenile development on successional stage, but only marginal dependence on reproductive mode. Mortality of juveniles decreased with ongoing succession (p 5 0.002) and was somewhat lower for plantlets than for seedlings (difference almost significant: p 5 0.07, with no significant interaction term). On the other hand the stasis rate increased with succession and was partially higher for plantlets than for seedlings (differences not significant). Transition rates into adult stage 1 for plantlets and for seedlings did not differ significantly. FIGURE 2. Ratios of plantlet and seedling fecundities as a function of successional stage. White bars-inflorescence fecundity ratio f IP /f IS averaged over small and large individuals; hatched bars-ratio between reproducing individuals with either plantlets or seeds (n P /n S ); black bars-net fecundity ratio f NP /f NS . 4.9 6 0.5 (13) 3.2 6 0.6 (13) 2.8 6 0.6 (17) Transitions to adult stages 2 and 3 were rather low, but showed (non-significantly) an increase with succession (p 5 0.09). They were somewhat higher for plantlets than for seedlings, but the differences were non-significant. Especially for the late-successional stage the very small number of plantlets has to be taken into account, giving rise to non-homogeneous variances. Hence, at this stage, any differences between the fate of seedlings and plantlets can only be considered as trends.
DEVELOPMENT OF ADULTS EMERGING FROM PLANTLETS OR SEEDLINGS
Differences in the development of small adults (1 shoot) that were formed in the preceding time step either from established plantlets or from seedlings are analyzed in Figure 5 . With respect to the mode of origin the results of the ''individual tracing'' [Equation (3)] could only be evaluated for the pioneer and the early successional stage since in the oldest stage individuals formed from plantlets were missing. Two-factor main-effect ANOVA showed that mortality of 1-shoot adults was significantly lower in the early successional stage than in the pioneer stage (p 5 0.037), but with no effect of the origin of the individuals from seedlings or plantlets. Also for transition to larger individuals no significant differences could be detected, either in dependence on successional stage or on the mode of origin. An absence of any significant interaction between the fate of individuals and successional stage or mode of origin was also demonstrated by contingency analysis (p 5 0.15 and 0.47).
EFFECT OF ASEXUAL AND SEXUAL REPRODUCTION ON POPULATION GROWTH
Asexual and sexual net fecundities, broken down into the contributions of the individuals of each life cycle class, entered into population-dynamic matrices (Marcante et al., 2009b) and thus influenced the rates of population increase l. In Figure 6 these l-values are compared with the population growth rates that would result if one or both modes of reproduction (plantlets and/ FIGURE 3. Number of established plantlets (a) and seedlings (b) per adult individual (net fecundity values f NP and f NS ) vs. shoot density, successional stage, and year of transition. The number of new plantlets and seedlings, respectively, in year t + 1 per plot were related to the number of adults (individuals with 1 or more shoots) in year t in the same plot, and these ratios are plotted against the total number of shoots per plot in year t. or seedlings) were missing. Population increase (l . 1) was found only at the pioneer stage, and this population growth required plantlet reproduction. All other scenarios resulted in populations of decreasing size (l , 1). Seed reproduction alone was unable to maintain population growth in all successional stages. At the older stages differences between l-values under different assumptions for reproduction were smaller than in the pioneer stage. Inclusion of reproduction by either seedlings or plantlets only slightly increased the l-values (Fig. 6) . But even in the absence of any reproduction, l-values were still rather high, corresponding to the low impact of fecundity on growth rate l; the contribution of fecundity to total elasticity was only 0.03 (Marcante et al., 2009b) .
Discussion
FECUNDITY PARAMETERS AND SUCCESSIONAL STAGES
In the study area, P. alpina showed inflorescences that produced either plantlets or seeds over all three successional stages comprising around 150 years of primary succession. Plantlet and seed inflorescence fecundity values did not differ anywhere and were highest in the early successional stage. Individuals that produced either plantlets or seeds did also not differ in the number of inflorescences per plant (inflorescence frequency), which was steadily decreasing from the pioneer to the late successional stage.
In contrast to this correspondence between plantlets and seeds, there were large differences in the number of plantlet or seed-producing individuals per plot as well as in the number of establishing plantlets or seedlings (net fecundity), and both differences reversed their sign with ongoing succession. At the pioneer stage, plantlet net fecundity was much higher than seedling net fecundity. But already at the early successional stage only a few plantlets were produced and established, and at the oldest stage plantlet establishment was practically absent during the study period. This observation is in line with studies on P. alpina along altitudinal gradients (Weyand, 2005 , in RudmannMaurer et al., 2007 and on viviparous species in general (Bauert, 1993; Pluess and Stö cklin, 2005) . Nevertheless, plantlets do establish during the late successional stage, as indicated by the occurrence of a very small number in the study plots. They were probably introduced by dispersal from younger moraines or from the few pseudoviviparous individuals occurring close to the study plots.
The decrease of the number of inflorescences per individual in the course of succession denotes the existence of factors that negatively affect reproduction during succession. Earlier studies related changes in reproduction with changes in temperatures (see Fig. 1 ), soil quality (Tscherko et al., 2004) , or above-and belowground community development (Bardgett et al., 2005; Raffl et al., 2006) . At the pioneer stage the mean annual temperature is lower than at the older stages and the duration of snow cover is longer, thus harsher conditions prevail close to the glacier tongue. In general asexual reproduction in alpine species is associated with such stressful conditions (Lee and Harmer, 1980; Stö cklin, 1992; Pluess and Stö cklin, 2005; Weppler et al., 2006) . Also in our study the stressful conditions of the pioneer stage obviously favor the production of plantlets. The two reproductive modes of Poa alpina were found to be related to photoperiod, temperature (Bachmann, 1980 , in Wilhalm, 1996 Heide, 1989) , and humidity (Bachmann, 1980 , in Wilhalm, 1996 . Under controlled conditions in growth chambers, long photoperiods and increasing temperatures caused a switch from the pseudoviviparous to the seminiferous form (Heide, 1989; Keller and Kö rner, 2003) . The increase in temperature may be a factor switching reproduction from plantlet to seed production also under field conditions.
One environmental factor that readily can be observed is density. Vegetation density in general (Raffl et al., 2006) and shoot density (Marcante et al., 2009b) of P. alpina in particular increase with ongoing succession. We found by regression analysis that plantlet establishment decreased with increasing density much more than seedling establishment. But regression analysis did not fully reflect a qualitative feature of the dependence: reproduction by plantlets completely ceased with ongoing succession (and increasing density), whereas there was some seedling establishment also in the latest stage. The observed general reduction of net fecundity and especially the shift of reproduction from asexual to sexual mode as a reaction to vegetation density correspond with model analyses by Winkler and Stö cklin (2002) . These authors studied the contrast between asexual reproduction with low dispersal distances and sexual reproduction with high dispersal ability for Hieracium pilosella (a species with short aboveground stolons) in a grass sward of increasing density, and they showed that with increasing intra-and interspecific competition, reproduction by seeds became more and more advantageous. Also for P. alpina there are strong differences in dispersal abilities of plantlets and seeds. Both are probably barochorous and only secondarily dispersed by wind. But seeds are relatively lightweight (0.30-0.32 mg; Erich Schwienbacher, unpublished) whereas plantlets are many times heavier (3) (4) (5) (6) (7) (8) (9) (10) (11) Brigitta Erschbamer, unpublished) . Therefore, seed dispersal in glacier forelands occurs around the mother plant at distances of 0-10 m (Stö cklin and Bä umler, 1996) . Plantlets will be dispersed very closely around the mother plant (if not transported further away by post-release movement, e.g. by water flow or strong winds), with the inflorescences sometimes simply hanging down to the ground. In denser swards such as the late successional stage, plantlet establishment is therefore almost impossible.
Our findings suggest the existence of changes in cost-benefit ratio for asexual and sexual reproduction. Though there is a large literature on arctic-alpine clonal plants (review in Jó nsdó ttir et al., 1996) and on the benefits of asexual reproduction in experimental settings (Stuefer et al., 1994) , cost-benefit analyses either on plantlet or on seed production of P. alpina or other alpine species are lacking. Additionally, any cost-benefit analyses of reproduc- tion modes must also take into account dispersal and establishment processes (Winkler and Fischer, 1999) , making any detailed considerations practically impossible.
SURVIVAL AND DEVELOPMENT OF INDIVIDUALS EMERGING FROM PLANTLETS OR SEEDLINGS
Plantlet and seedling mortality was remarkably high on the younger successional stages and decreased on the oldest one, but there were almost no differences between plantlets and seedlings. Weppler et al. (2006) concluded that vegetative offspring of Geum reptans had no advantage over seedlings for surviving winter. According to our results, plantlets of Poa alpina seem to be subjected to the same establishment risks as seedlings (Chambers et al., 1991; Tsuyuzaki et al., 1997; Mong and Vetaas, 2006; Erschbamer et al., 2008) , i.e. desiccation of the upper soil stratum, needle ice, soil temperature, nutrient supply (review in Niederfriniger Schlag and Erschbamer, 2000) , microtopography (Mong and Vetaas, 2006) , and the lack of safe sites (Erschbamer et al., 2008) . In the pioneer stage, where population growth highly depended on plantlets, no differences in the transition rates of plantlets and seedlings to small adults with one or two shoots were detected.
Elven ( , in Matthews, 1992 found, without giving details, that P. alpina individuals arising from plantlets were already reproductive after only 1 year-much more rapidly than individuals arising from seedlings. We could not confirm these results in our study. Adult plants with one shoot did not differ in their fate with respect to their mode of origin. At our site P. alpina individuals were long-lived, and their development was not affected by any small starting advantage that ''plantlet individuals'' may have.
REPRODUCTION AND POPULATION GROWTH
The matrix models presented by Marcante et al. (2009b) included two reproductive modes, production and establishment of plantlets and of seedlings, but they did not differentiate for adults between their origins. Our present analysis of individualtracing data confirmed the validity of this approach, in contrast to other findings in the literature.
The analysis of whole life-cycle dynamics presented in this study focused on the role of reproduction for population development. In general, the importance of reproduction for population dynamics of alpine species under highly variable and unfavorable conditions is low as was revealed by elasticity analysis (Morris and Doak, 1998; Forbis and Doak, 2004) . For P. alpina this general feature is supplemented by changes along the successional stage in the relative importance of the two forms of reproduction for population increase rates l. Only at the pioneer stage was reproduction by plantlets essential, ensuring an average increase of population size by 5…10% per year. With ongoing succession the importance of reproduction and especially of plantlet reproduction decreased monotonically, almost vanishing in the late successional stage. Here, population behavior is largely determined by stasis and mortality.
Several authors have considered recruitment by seedlings to be of low importance for local population dynamics of alpine species due to their capacity for clonal propagation (Hartmann, 1957; Billings and Mooney, 1968; Bliss, 1971; Chambers et al., 1990; Stö cklin, 1992) . Alpine seedlings have been observed in nature only rarely (Bell and Bliss, 1980; Cooper et al., 2004) . However, several recent studies have highlighted the occurrence of seedlings also in alpine environments (Niederfriniger Schlag and Erschbamer, 2000; Welling and Laine, 2000; Erschbamer et al., 2001; Forbis, 2003; Forbis and Doak, 2004; Marcante et al., 2009b) and their importance for population growth (Weppler et al., 2006) . We found successful establishment of P. alpina seedlings, but their contribution to population growth remained limited, as seed reproduction alone was not able to ensure population growth. At the pioneer stage the ability of populations to increase in size was exclusively due to plantlet reproduction, whereas at the early and late successional stages neither reproduction by seedlings nor by plantlets had any marked effect on the l-values. Only large-scale studies in heterogeneous areas such as glacier forelands, taking into account also genetic aspects, may reveal the existence of source-sink populations and the role of seed dispersal in such surroundings.
CONCLUSIONS
Seedling and plantlet net fecundities developed during primary succession in a contrasting manner: seedling establishment was observed over the whole range of stages, whereas plantlet establishment was dominant in the pioneer stage but almost vanished with ongoing succession.
In the pioneer and early successional stages the production of plantlets made a significant contribution to population increase, whereas in the older successional stages population behavior was largely determined by stasis and mortality. Seedling establishment did not contribute to population growth in any decisive way.
We found neither a higher survival rate nor a significant advantage in development for plantlets compared to seedlings. Development of adults was not affected by the mode of origin.
The opportunistic reproduction, by plantlets under harsh conditions and seeds under favorable conditions, contributes to the fact that the species is ubiquitous over the whole successional range.
